Background: Individuals with end-stage renal disease (ESRD) have excess risk of various cancer types. However, the total burden of human papillomavirus-related cancers remains unknown.
Background
Oncogenic types of human papillomavirus (HPV) can cause cancer of the cervix, vagina, vulva, penis, anus, and a subset of cancers of the head and neck [1] [2] [3] . Among persons infected with human immunodefiency virus (HIV), the immunosuppression caused by HIV contributes to the well described excess risk of HPVrelated cancer [4, 5] . In patients with end-stage renal disease (ESRD) immunosuppressive therapy is used to prevent transplant rejection among transplant recipients and occasionally for treatment of the underlying cause of renal failure among patients on dialysis. Nutritional deficits and uraemia in itself also contributes to the complex dysfunction of both the innate and adaptive immune system that characterizes ESRD patients on dialysis [6] [7] [8] . Among transplant recipients, previous studies have shown a markedly increased risk of a wide range of cancers including infection-related cancers [9] [10] [11] [12] [13] . Among ESRD patients receiving dialysis, the excess cancer risk appears to be less pronounced and primarily correlated to cancers with a known or suspected viral aetiology [10, 14, 15] . The immune dysfunction in ESRD patients may explain the increased risk of infection-related cancers [10, 14] .
While most studies have focused on heterogeneous cancer types among patients with ESRD, few studies have assessed the total burden of HPV-related cancers. In light of the recent development in prophylactic HPV vaccination, the interest in HPV-related cancers has been renewed. Vaccines against the two most important oncogenic types of HPV (16 and 18) are now licensed. Among younger healthy individuals HPV vaccination lowers the risk of pre-cancer lesions of the cervix and the risk of anal, vulva, vaginal, and penile infections, with the HPV-types included in the vaccines [16] [17] [18] [19] [20] . Further, research in novel vaccines for treatment of existing lesions caused by HPV has shown promising results [21] .
A recently published large American cohort study found no increased risk of cervical cancer among solid organ transplant recipients, which contrasts the findings reported by Vajdic and colleagues among Australian kidney transplant recipients [9, 10] . These findings may be explained by differences in screening procedures prior to transplantation and by differences in study populations. In several studies, HPV-related cancer diagnoses have been grouped with non-HPV-related cancer diagnoses [10] [11] [12] [13] [14] 22] .
The benefit and cost-effectiveness of HPV immunization will depend on the total burden of HPV-related cancer, the proportion of ESRD patients with active HPV infection at the time of vaccination, and the immunogenicity of the vaccines among these patients. Thus, improved knowledge of the epidemiology of HPV-related cancers among ESRD patients are of great importance for the decisions of "if" "who", and "when", to vaccinate.
The main objectives of this Danish nationwide populationbased cohort study were to compare the risk of HPVrelated cancers in the general population with that of patients with ESRD, and to identify risk factors for HPVrelated cancers in patients with ESRD.
Methods

Study design and setting
We performed a population-based, observational cohort study among ESRD patients in Denmark during 1 January 1994-31 December 2010. In Denmark, the prevalence of chronic renal failure requiring renal replacement therapy, i.e. dialysis or transplantation is 0.08% and in 2010 approximately 4,700 persons were living with ESRD [23] . Treatment of ESRD is restricted to 15 hospital departments, 4 of which had status as transplantation centers during the study. In Denmark, the tax-funded health care system provides free of charge treatment for all patients with ESRD. Since 1990, all departments treating ESRD patients report data to the Danish Nephrology Registry (DNR). The DNR contains information on e.g. cause of renal disease, date of first replacement therapy for ESRD, treatment modality, and treatment complications. The DNR has a completeness of 97.2% [24] .
Participants
We defined ESRD patients as patients treated with renal replacement therapy (dialysis or transplantation) for at least 90 days. Prevalent ESRD patients as of 1 January 1994 or incident thereafter, who were resident in Denmark and at least 14 years of age at the time of their first treatment for ESRD were identified in the DNR and included in the study. For each ESRD patient we sampled 19 population controls matched on age (within 1 year of date of birth), municipality, and gender from the Civil Registration System (CRS) at the day of inclusion in the ESRD registry. Since 1968, the CRS has provided all Danish citizens with a unique 10 digit civil registration number, which allows for accurate linkage between different databases [25] .
We obtained information on vital status, sex, date of birth, date of death, and residence of ESRD patients and their population controls from the CRS, which is updated within a week of person's birth, death, or emigration. Population controls were used for comparative analysis. ESRD patients and population controls diagnosed with HPV-related cancer prior to study participation were excluded.
Variables and data sources Definition of HPV-related cancer
We classified cancers of the anus, vulva, vagina, cervix, penis, and a subset of head and neck cancers as HPVrelated [2] . Cancer diagnoses were coded according to the 10 th edition of the International Classification of Diseases (ICD-10) as outlined in Table 1 . For head and neck cancers, we used the classification published by Ryerson et al. in order to restrict our analyses to the cancer sites most strongly associated with HPV [26] .
Identification of patients with HPV-related cancer
The Danish National Registry of Patients (DNRP) contains information of all hospital admissions in Denmark since 1977 and all outpatient contacts since 1995 [27, 28] . Variables include civil registration number, dates of admission and discharge, and discharge diagnoses. Since 1994, diagnoses have been coded according to the ICD-10. During 1977-1993 the 8 th version (ICD-8) was used. The Danish Cancer Registry (DCR) contains data on incident cancers in Denmark since 1943.The DCR is nationwide and contains ICD-10 diagnoses (as part of the ICD-0 classification) since 1978 [29] . Original diagnoses from 1978-1993 have been electronically recoded from ICD-7 to ICD-10. We classified the earliest date of a HPV-related cancer diagnosis as the date of the first diagnosis of a HPV-related cancer. We used both the DNRP and the DCR to identify HPV-related cancer. In a random sample of 100 persons with a HPV-related cancer, 75% were identified in the DCR while 25% was identified in the DNRP alone.
Age, sex, cause of renal failure and comorbidity
Based on date of birth in the CRS we generated a time varying covariate age (14-49, 50-64, and ≥65 years). Information on cause of renal failure was obtained from the DNR database. Causes of renal failure were categorized as follows: Glomerulonephritis, Diabetes Mellitus types I and II, Chronic Interstitial Nephritis, Hypertension and Chronic renal failure without specification, Polycystic Kidney Disease, Vasculitis, and Other. The Charlson's Comorbidity index (CCI) was used to quantify comorbidity. The CCI is a weighted index based on 19 major disease categories each assigned with a weight (1, 2, 3, or 6). CCI is a validated measure of co-morbidity [30, 31] . We did not include renal diagnoses in the CCI score in this study. Based on discharge diagnoses obtained from the Danish National Registry of Patients (DNRP) we calculated CCI for each ESRD patient and his/her population controls at the time of study entry. We used CCI at the time of first treatment for ESRD to create 3 levels of co-morbidity: low (CCI = 0) medium (CCI = 1-2) and high (CCI ≥3).
Statistical analysis Time at risk
For each ESRD patient and his/her population controls time at risk started at 1 January 1994 or the date of first treatment for ESRD, whichever came last. Time at risk ended at the date of first diagnosis of a HPV-related cancer, death, emigration, or 31 December 2010, whichever came first.
Incidence rates
We calculated incidence rates (IRs) and 95% confidence intervals (95% CIs) of HPV-related cancers with and without stratification for the five anatomic regions outlined in Table 1 . We calculated incidence rates of HPV-related cancer with and without prevalent ESRD patients and only minor differences in risk estimates were found. We therefore chose to include both prevalent and incident ESRD patients in our final analysis. Temporal changes in IRs of first episodes of HPVrelated cancers were analysed in following intervals 1994-97, 1998-01, 2002-2005, and 2006-2010. Incidence rate ratios (IRRs) with corresponding 95% CIs were calculated for comparison between ESRD patients and population controls. In a separate analysis IRs of HPV-related cancer were compared among two subgroups of ESRD patients: 1) transplant recipients with functioning grafts and 2) dialysis patients. In these analyses, renal replacement therapy i.e. dialysis and transplant recipients with functioning grafts was treated as a time varying covariate. Thus, if the mode of renal replacement therapy was changed during follow-up, a person would contribute to risk time in both subgroups. IR's were compared between the two subgroups with and without stratification for age. For the latter analyses Poisson regression was used: Adjustment for sex, comorbidity and cause of renal failure only caused minor effect on the risk estimates and therefore neither of these variables were included in the final analyses.
Risk factor analysis
We used Poisson regression to identify potential risk factors for HPV-related cancer among ESRD patients. The following variables were included: Sex, age (14-49, 50-64, and ≥65 years), and the CCI index score. Among the study population 24 patients with ERSD and 227 population controls were HIV positive. Among HIVpositive persons in our study population, only two (population controls) developed a HPV-related cancer during the study period and we therefore chose not to adjust for HIV status in our analyses. While age and sex are well-known risk factors for cancer, the CCI is not an established risk factor for HPV-related cancer. We therefore calculated adjusted risk estimates with and without the CCI. In the risk factor analysis, we did not stratify for anatomical location of HPV-related cancers. We used the Stata® statistical software (Statacorp, College Station, Texas) version 11.0 for statistical analysis. The study was approved by the Danish Data Protection Agency.
Results
Participants
We excluded 92 ESRD patients (and their matched controls) diagnosed with a HPV-related cancer prior to study participation. A total of 442 population controls diagnosed with HPV-related cancer prior to study participation were also excluded. Persons who died or emigrated before the study period did not contribute to risk time. Consequently 12,293 ESRD patients and 229,524 population controls were included in the study. Table 2 displays basic characteristics of the study population. Males comprised 62.5% of the ESRD population. 
Descriptive data
Outcome data
During the study period we identified a total of 62 cases of HPV-related cancers among ESRD patients and 798 cases among population controls (Table 3) . Table 3 outlines crude IRs of first diagnosis of HPVrelated cancer among ESRD patients and population Three levels of comorbidity was created based on Charlson comorbidity index score (CCI) at the date of first treatment with renal replacement therapy "Low" (CCI = 0), "Medium" CCI 1-2, and "High" CCI > 2. Renal diagnosis was not included in the CCI score in this study.
Main results
controls. The overall IRs of first diagnosis of a HPVrelated cancer was 102 (95% CI, 79.5-131) per 100,000 person-years and 40.8 (95% CI, 38.1-43.7) per 100,000 person-years among ERSD patients and population controls, respectively. The IR of all HPV-related cancers among ESRD patients was 2.50 (95 CI%, 1.93-3.24) fold higher than among population controls. The IRs of first episode of HPV-related cancer were significantly higher among ESRD patients compared to the control population in 4 of 5 anatomical regions, most markedly for anal cancer (IRR 4.54; 95% CI, 2.48-8.31) and vulva/vaginal cancer (IRR 5.81; 95% CI, 3.36-10.1). The IRRs of cervical cancer and cancers at HPV-related head & neck sites were 1.81 (95% CI, 1.01-3.23) and 1.77 (95% CI, 1.10-2.84) respectively. Figure 1 shows a modest nonsignificant increase in IRs of first diagnosis of HPVrelated cancers among ESRD patients over the study period (p = 0.57), whereas IRs among population controls remained stable.
Among ESRD patients, transplant recipients with functioning grafts had an unadjusted 1.83 (95% CI, 1.11-3.01) fold higher risk of HPV-related cancer compared to dialysis patients. When adjusted for age IRR fell to 1.53 (95% CI, 0.91-2.58) comparing transplant recipients to dialysis patients (Table 4 ). 
Risk factors for HPV-related cancer
Discussion
In this nationwide, population-based study, we found that the risk of HPV-related cancer overall was 2.5 fold increased among ERSD patients compared to matched population controls. Interestingly, ESRD patients had a more than fourfold increased risk of anal cancer and female ESRD patients had a nearly six fold increased risk of cancers of vulva and vagina. Major risk factors for HPV-related cancer were age and gender. When adjusted for age, transplant recipients (with a functioning graft) had a modest 1.53 fold increased risk of HPVrelated cancer compared to dialysis patients. Although not significant we cannot rule out an increased risk of HPV-related cancer among transplant recipients due to the low number of cancers in the two groups.
Our study is one of few population-based studies to investigate the burden of HPV-related cancer among unselected individuals with ESRD. The major strengths of our study are the use of population-based nationwide cohorts with high degrees of completeness and minimal loss to follow-up. Because we considered only the first diagnosis of HPV-related cancer our estimates were not biased by multiple episodes of HPV-related cancer occurring in highly susceptible individuals. Further, HPVrelated cancer may increase the risk of development of ESRD and therefore lead to increased risk of HPVrelated cancer among ESRD patients.
Our study had some limitations. The relatively low number of HPV-related cancer limited our opportunities to adjust for potential risk factors and the width of confidence interval complicates the comparison between transplant recipients and patients on dialysis. However, large follow-up time and careful matching yielded estimates of high statistical precision and validity.
We did not have access to information on use of immunosuppressive drugs among ESRD patients and therefore we could not assess the effect of individual drug regimens on the risk of HPV-related cancer. Likewise, we were unable to identify dialysis patients receiving immunosuppressive therapy for their renal disease. Whereas HPV is considered mandatory for development of cervical cancer the etiological fraction of HPV differ among other cancer types considered as HPV-related. If the etiological fractions of HPV are higher among ESRD patients than among population controls this may have led to underestimation of the importance of HPV among ESRD patients in our study. We restricted our analysis to the cancers most strongly associated with HPV in order to minimize the risk of misclassification of non-HPV-cancers as HPV-related. Whereas diagnoses in hospital discharge registries may be revised and therefore not reflect true cancers, cancer registries have a degree of underreporting. We chose to include cancers identified solely in the DNRP in this study. In the DCR, ICD-7 diagnoses were used until 2004. Subsequently diagnoses have been electronically recoded from ICD-7 to ICD-10. In terms of HPV-related head and neck sites, this may cause some misclassification during the recoding process due to the very specific cancer sites (ICD-10) used to identify these cancers. In these cases DNRP may be more accurate than the DCR. In the remaining cases the validity of cancers identified in the DNPR may be lower than cancers identified in the DCR. Previous studies have indicated high completeness of the DCR and DNP for breast cancer [32] , urological cancers [33] , colorectal cancers [34] , and haematological cancers [35] . To ensure inclusion of all HPV-related cancers we therefore used both the DCR and DNPR. In a previous study, Birkeland and colleagues reported a 8.6 fold increased risk of cervical cancer among female kidney transplant recipients [13] . In a more recent study, Vajdic and colleagues reported a two and a half fold increased risk of cervical cancer among both transplant recipients and patients on dialysis for ESRD. Shebl et al. reported a 2.12 fold increased risk of cervical cancer among elderly ESRD patients on dialysis [15] . We found a 1.78 fold increased risk of cervical cancer among female ESRD patients and incidence rates of cervical cancer were similar among dialysis patients and patients with functioning grafts. In Denmark, nationwide systematic screening for cervical cancer and pre-cancer lesions of the cervix was implemented during the early 1990's [36, 37] . Our results therefore reflect the risk of cervical cancer in a setting with systematic cervical screening offered free of charge for the study population. A recent American study by Engels and colleagues reported no increased risk of cervical cancer among solid organ transplant recipients [9] . c Calculated for the corresponding adjusted incidence rate-ratios. d 3 levels of comorbidity was created based on Charlson comorbidity index (CCI) score at the date of first treatment with renal replacement therapy "Low" (CCI = 0), "Medium" CCI 1-2, and "High" CCI > 2. Renal diagnosis was not included in the CCI score in this study.
For non-cervical HPV-related cancer among kidney transplant recipients standardized incidence rate-ratios reported by Engels were in concordance with our findings in ESRD patients and the findings by Vajdic and colleagues [9, 10] .
The cancer risk among dialysis patients is less well studied than among kidney transplant recipients. A previous study suggested that dialysis patients had a modest 1.18 fold increased cancer risk overall, whereas the risk of cervical cancer, penile cancer, and cancer of the oral cavity, was between 1.7 and 4.0 fold increased [14] . However, incomplete data on cancer diagnoses and significant variation in transplantation rates and renal diagnoses may have affected these results [14, 38] . In a more recent study, Van Leeuwen et al. reported a rapid decline in risk of non-Hodgkin's lymphoma, melanoma, and cancer of the lip, among kidney transplant recipients following transplant failure and reinstitution of dialysis [39] . Unfortunately, the study had only 7,104 personyears of follow-up during dialysis following transplant failure and only one case of HPV-related cancer was identified among graft-loss patients with consequent uncertainty in risk estimates for HPV-related cancer. Our results suggest that dialysis patients are at increased risk of HPV-related cancer which is in concordance with findings by Vajdic and colleagues [10] .
Overall we estimate the external validity of our results to be high due to the population based design, choice of study period, the high quality of the databases used for the study, and the overall concordance with existing literature. Nevertheless differences in renal populations exist and should always be taken into account when applying our results to other renal populations.
Our results suggest that efforts to prevent HPVrelated cancer should focus on dialysis patients as well as transplant recipients. Despite nationwide free of charge screening programs for cervical cancer, ESRD patients are still at increased risk of these cancers. Whether attendance to cervical screening differs among ESRD patients and the control population in our study population is unknown. Given the high IRs of vulvovaginal cancer it is important that the clinicians performing cervical smears are also observant to early signs of these cancers in ESRD patients For non-cervical HPV-related cancers no validated screening programs are currently available. Anal cancer screening have been considered among HIV infected men, but low sensitivity of cytology, high prevalence of anal intraepithelial neoplasia, and uncertainty of the natural history of these lesions complicates development of a screening program. For these cancers, early detection therefore relies on clinician's and patients' awareness on early signs and symptoms of cancer.
Two HPV vaccines are commercially available [40, 41] . Both vaccines cover the most important oncogenic HPV-serotypes16 and 18, which are considered responsible for 70% of cervical cancers and the majority of non-cervical cancers caused by HPV [2] . In healthy individuals HPV-vaccination can prevent reactivation/reinfection with vaccine HPV serotypes to which they were seropositive and DNA negative at study enrolment [42, 43] . The vaccines have no therapeutic effect against existing HPV-related lesions [17, 44, 45] . Neither of the vaccines has been formally tested in persons with ESRD but studies among HIV infected men and children have reported high rates of seroconversion. Our study illustrates that the total burden of HPV-related cancers is low among ESRD patients. Further the proportion of cancers caused by HPV infection prevalent at the time of diagnosis of ESRD patients is to our knowledge unknown. If this proportion is high the benefit of HPV vaccination is likely to be limited.
Conclusions
Our study demonstrates that persons with ESRD have a markedly increased risk of HPV-related cancer compared to matched population controls. Patients with end-stage renal disease had a 4.5 fold increased risk of anal cancer and an almost 6 fold increased risk of vulvovaginal cancer. Transplant recipients only had a modest non-significant 1.53 fold increased risk of HPV-related cancer compared to dialysis patients. Age and female sex were most important risk factors for HPV-related cancer among persons with end-stage renal disease. Future studies of safety, immunogenicity, and efficacy of prophylactic HPV-vaccines among ESRD patients are needed to clarify the benefit of HPV-vaccination in this population.
